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Geminiviruses have been reported to replicate in, and localize to, the nuclei of host plant cells. We have investigated the tissue and intracellular
distribution of the monopartite Tomato leaf curl virus (TLCV) by in situ hybridization. Contrary to the current understanding of geminiviral
localization, single-stranded (ss) DNA of TLCV accumulated in the cytoplasm. TLCV ssDNAwas also found in the nucleus, as was lower levels
of replicative form double-stranded (ds) DNA. Under the same conditions, Tomato golden mosaic virus (TGMV) ssDNA and dsDNAwere found
in nuclei. ssDNA of TLCV, TGMV, and Tomato yellow leaf curl Sardinia virus (TYLCSV) was detected in some xylem vessels under specific
hybridization conditions. Tissue specificity of TLCV was partially released by co-infection with TGMV. Our observations suggest that the
mechanism of TLCV movement may differ from that of bipartite begomoviruses.
Crown Copyright © 2005 Published by Elsevier Inc. All rights reserved.Keywords: Geminivirus; Begomovirus; ssDNA; Cytoplasm; Phloem-limited virus; Dual color in situ hybridization; Xylem; TLCVIntroduction
Geminiviruses (family: Geminiviridae) possess either one or
two circular, single-stranded (ss) DNA genomes of 2.5–3 kb.
They replicate in plant cell nuclei via double-stranded (ds) DNA
intermediates (Gutierrez, 2000; Hanley-Bowdoin et al., 1999).
Geminiviruses have been classified into four genera, Begomo-
virus, Curtovirus, Mastrevirus, and Topocuvirus, based on their
genome organization, host range, and insect vector (Stanley et
al., 2005). Begomoviruses are whitefly transmitted and contain
either monopartite or bipartite DNA genomes.
All previous studies of geminiviral DNA localization have
indicated viral nucleic acid exclusively in the nucleus of infected
cells. For example, Tomato golden mosaic virus (TGMV)
infection led to the accumulation of virions, often as paracrystal-
line arrays, in nuclei of both vascular and non-vascular cells of
Nicotiana benthamiana (Rushing et al., 1987). Bass et al. (2000)⁎ Corresponding author. Fax: +61 8 8303 8601.
E-mail address: ali.rezaian@csiro.au (M.A. Rezaian).
0042-6822/$ - see front matter. Crown Copyright © 2005 Published by Elsevier In
doi:10.1016/j.virol.2005.11.054observed altered nuclear architecture and plant chromatin
condensation upon TGMV infection, indicating that viral
DNAwas present in the nucleus. Moreover, studies of the tissue
specificity of both monopartite (Morilla et al., 2004; Rojas et al.,
2001) and bipartite (Morra and Petty, 2000; Qin and Petty, 2001;
Wege et al., 2001) geminiviruses by in situ hybridization showed
that viral DNA accumulated in the nuclei of infected cells.
To date, the understanding of monopartite geminivirus movement
is mostly based on studies of their bipartite counterparts. Monopartite
begomoviruses possess six open reading frames (ORFs), two on the
virion-sense strand and four on the complementary-sense strand
(Hanley-Bowdoin et al., 1999). In contrast to the bipartite
begomoviruses, the coat protein (CP) of monopartite begomoviruses
is essential for systemic infection (Noris et al., 1998; Rigden et al.,
1993) and appears to act analogously to the nuclear shuttle protein
(NSP) of bipartite begomoviruses (Rojas et al., 2001). Two other
proteins from monopartite begomoviruses, V1 and C4, have been
implicated in cell-to-cell movement and may have a functional
similarity to the movement protein (MP) of bipartite geminiviruses
(Rigden et al., 1993; Rojas et al., 2001).c. All rights reserved.
121M.S. Rasheed et al. / Virology 348 (2006) 120–132The reasons why some viruses are restricted to vasculature
while others are capable of infecting the mesophyll remain
unclear. It has been suggested that vascular-restricted infection
might occur because viral MPs are unable to function in
epidermal and mesophyll cells (Taliansky and Barker, 1999).
Another hypothesis is that some viruses cannot suppress host
defence responses in non-vascular cells (Voinnet et al., 1999;
Waterhouse et al., 1999). The observation that vascular
limitation of phloem-restricted viruses can be overcome by
co-infection with mesophyll-invasive viruses supports this latter
idea (Morra and Petty, 2000; Wege et al., 2001). Tissue
specificity of a virus can also be affected by environmental
factors (Ding et al., 1999) and the developmental stage of the
plant (Wang et al., 1996).
It has been suggested that geminiviruses move from cell-to-
cell and systemically either in the form of virions or in
nucleoprotein complexes (Gafni and Bernard, 2002). However,
the form of viral DNA involved in viral trafficking is unknown.
The NSP and MP of Bean dwarf mosaic virus (BDMV), a
mesophyll-invasive bipartite begomovirus, bind ss- and dsDNA
in a form- and size-selective manner (Rojas et al., 1998), and
dsDNA is the predominant form of viral cargo (Noueiry et al.,
1994; Rojas et al., 1998). In contrast, the NSP from Squash leaf
curl virus (SqLCV), a phloem-limited bipartite begomovirus,
binds strongly to ssDNA but weakly to dsDNA, while the MP
associates weakly with ssDNA and does not appear to bind
dsDNA at all (Pascal et al., 1994). A phage protein (M13; g5p)
which binds viral ssDNA inhibited the movement of Tomato
leaf curl New Delhi virus (ToLCNDV), suggesting that ssDNA
moves from cell-to-cell in ToLCNDV infection (Padidam et al.,
1999). It has been proposed that different tissue tropisms
exhibited by bipartite geminiviruses might be the result of
different movement mechanisms (Morra and Petty, 2000).
We describe here the intracellular localization of ssDNA and
dsDNA of the monopartite begomovirus Australian Tomato leaf
curl virus (TLCV) in comparison with that of the bipartite
begomovirus, TGMV, in both single and mixed infections. Our
in situ hybridization studies indicate that ssDNA could play a
major role in TLCV trafficking through the cytoplasm.
Results
Specificity of riboprobes to detect targeted viral nucleic acid
forms
To identify the different viral DNA species at the subcellular
level using in situ hybridization, we used a series of digoxigenin
(DIG)- and fluorescein-labeled probes corresponding to differ-
ent regions of TLCV and TGMV DNA (Fig. 1A and Table 1).
The ability of probes to differentiate single-stranded and double-
stranded replicative form DNA was tested by DNA gel blot
hybridization in a preliminary experiment. As shown in Fig. 1B,
the probes hybridized with dsDNA replicative forms and ssDNA
in a strand-specific manner. A larger amount of ssDNA was
detected compared to other forms of viral DNA using
complementary-sense probes specific for coat protein, replica-
tion associated protein and intergenic region (Fig. 1B, Table 1).It is worth noting that a small amount of DNA corresponding to
complementary-sense (cs) ssDNAwas also visible in lanes 1 and
5 using virion-sense probes (Fig. 1B). A relatively low level of cs
ssDNA has also been reported in African cassava mosaic virus
infection (Saunders et al., 1991). Furthermore, subgenomic
DNAs were found inN. benthamiana plants agroinoculated with
TLCV but not in tomato.Moreover, subgenomic DNAswere not
found in N. benthamiana plants agroinoculated with TGMV
(Fig. 1B).
The specificity of the probes was tested by hybridization to
tissue sections from a mock-inoculated N. benthamiana plant.
No signals were observed in the mock-inoculated sections (Fig.
1C1), indicating that non-specific binding to the sections was not
occurring. The TGMV- or TLCV-specific probes designed to
target viral DNA and RNA transcripts (CS-cp; Table 1) produced
strong chromogenic signals in leaf sections infected with the
respective viruses (Figs. 1C4 and C5). Since diseased plants may
have a different physiology from healthy plants, we tested
whether signals were due to background reaction with stress
factors by hybridizing sections from diseased plants with probes
designed to target the heterologous virus. No signals were
observed in sections of a TLCV-infected plant probed with
TGMV-specific CS-cp RNA (Fig. 1C2) or in sections taken from
a TGMV-infected plant hybridized with TLCV-specific CS-cp
probe (Fig. 1C3). These results confirmed that the in situ
hybridization procedure was specific for detecting viral nucleic
acids.
Using in situ hybridization, TLCV was found only in the
vascular tissue of systemically infected N. benthamiana leaves
(Figs. 1C4 and 2A–I). Infected cells were more abundant in
young symptomatic leaves than in developing and mature leaves
(data not shown). In the transverse section of a N. benthamiana
leaf vein (Figs. 1C4 and 2A), TLCVwas associated with phloem
parenchyma, sieve elements, companion cells, vascular cambi-
um, and extended to the bundle sheath cells but was not found in
other cell types. Phloem, xylem, and sieve elements are shown in
a longitudinal section taken from leaf vein of TLCV-infected N.
benthamiana (Fig. 2D). The identity of these cell types was
determined by staining the sections with 0.1% toluidine blue
(data not shown) (Mauseth, 1988). A similar tissue tropism was
found in lateral root (Fig. 2G), stem (Fig. 2H), and leaf (Fig. 2I)
tissue. In the stem section (Fig. 2H), the virus was associated
with both inner and outer vascular cells and some adjacent cells
in the cortex and pith. Vascular specificity of TLCV was also
observed in Solanum lycopersicum and N. tabacum, although
chromogenic signals were not as strong as in N. benthamiana
(Figs. 2E and F). Unlike TLCV, TGMV was detectable in both
vascular and non-vascular cells (Figs. 1C5 and 2J–L), as
reported earlier (Morra and Petty, 2000; Nagar et al., 1995;Wege
et al., 2001).
TLCV nucleic acid accumulates in the cytoplasm
The majority of phloem cells produced strong hybridization
signals. These signals indicated the presence of TLCV nucleic
acid in both cytoplasm and nucleus (Figs. 1C4 and 2A). Identity
of the cytoplasm in fixed cells was confirmed by probing the
122 M.S. Rasheed et al. / Virology 348 (2006) 120–132healthy sections with a ubiquitin probe to detect ubiquitin
transcripts (Fig. 3C). Nuclei were visualized by DAPI (4′,6-
diamidino-2-phenylindole dihydrochloride) treatment and weredetected in the majority of cells (Fig. 2B). Absence of signals
from some cells was presumably because nuclei occupy a small
portion of the cell volume and therefore may have not been
Table 1
TLCV, TGMV, and TYLCSV specific ribonucleotide probes
Probes a Source Nucleotide position b Size (nt) Potential targets
VS-cp TLCV 308–1078 771 dsDNA
CS-cp TLCV 1078–308 771 ss and dsDNA,
CP transcript
VS-rep TLCV 2156–2464 309 dsDNA and Rep
transcript
CS-rep TLCV 2464–2156 309 ss and dsDNA
VS-ir TLCV 2656–127 238 dsDNA
CS-ir TLCV 127–2656 238 ss and dsDNA
VS-cp TGMV 327–1070 744 dsDNA
CS-cp TGMV 1070–327 744 ss and dsDNA,
CP transcript
VS-rep TGMV 1962–2210 249 dsDNA and Rep
transcript
CS-rep TGMV 2210–1962 249 ss and dsDNA
VS-rep TYLCSV 2170–2466 309 dsDNA and Rep
transcript
CS-rep TYLCSV 2466–2170 309 ss and dsDNA
CS-ubi Ubiquitin – – Ubiquitin transcript
a VS, virion sense; CS, complementary sense; cp, coat protein; rep, replication
protein; ir, intergenic region; ubi, ubiquitin.
b Nucleotide position for TLCV as in Dry et al. (1993), for TGMV as in von
Arnim and Stanley (1992) and for TYLCSV as in Kheyr-Pour et al. (1991).
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masked by the strong chromogenic signals produced by the
DIG-labeled probe (Fig. 2C). Merging of images obtained with
the TLCV-specific probe and DAPI staining confirmed that
viral nucleic acid was not confined to the nucleus only but was
also present in the cytoplasm (Fig. 2C).
Strong chromogenic signals in the cytoplasm of TLCV
infected cells were obtained with the CS-cp probe (Figs. 1C4
and 2A–I). This probe could detect both viral DNA and virion-
sense transcripts (Table 1). To distinguish viral DNA from
transcripts, we removed RNA enzymatically. Thus two serial
sections from TLCV-infected tissue were prepared, and one was
treated with DNase-free RNase A in a NaCl-deficient buffer to
digest both ss- and dsRNA (Maththews, 1993; Rezaian et al.,
1991). These sections were hybridized with the homologous
TLCV-specific CS-cp probe. RNase treated, TLCV-infected
sections still exhibited chromogenicity in the cytoplasm (Figs.
3A and D). Ubiquitin mRNA in healthy sections was used as a
control to verify the effectiveness of RNase treatment and to
ensure that residual RNase was not interfering with hybridiza-
tion of the riboprobes. The ubiquitin signal detected in healthy
sections (Fig. 3C) was lost after RNase treatment (Fig. 3F).
Similarly, signals were retained in the nuclei of cells in sections
derived from TGMV-infected plants after RNase treatment (Fig.
3E). These results are consistent with previous findings (Morra
and Petty, 2000; Qin and Petty, 2001; Wege et al., 2001) thatFig. 1. Specificity of the RNA probes. (A) Genome organization of Tomato leaf curl v
the positions and orientations of strand-specific RNA probes (thin arrows). Thick arro
(B) Demonstration by gel blot analysis of total nucleic acid extracts of N. benthamiana
labeled probes shown in panel A specifically target viral DNA. The positions of the o
forms characteristic of geminivirus DNA replication, and subgenomic (SG) DNAs,
benthamiana leaf veins were used for hybridization with viral specific probes. The pr
and C5 signifies the presence of target nucleic acids. PP = phloem parenchyma, XP
BS = bundle sheath, M = mesophyll, VC = vascular cambium. Scale bars = 100 μmTGMV viral DNA is localized in nuclei (Fig. 3E), while the
transcripts are present in the cytoplasm (Fig. 3B).
The identity of the cytoplasmic TLCV viral nucleic acid was
also investigated by strand-specific probing. TLCV-infected
sections probed with CS-rep, designed to detect viral DNA but
not transcripts (Fig. 1A; Table 1), exhibited chromogenic signals
in both the nuclei and cytoplasm of infected cells (Fig. 3G). This
observation confirmed the results of the RNase treatment (Figs.
3A and D). As a control, a TGMV specific CS-rep probe was
hybridized to TGMV-infected tissues. Strong signals were
observed only in the nuclei of TGMV-infected cells (Fig. 3H),
consistent with results following the RNase treatment (Fig. 3E).
We extended our study of subcellular DNA accumulation to
the monopartite Tomato yellow leaf curl Sardinia virus
(TYLCSV). The number of infected cells in sections obtained
from TYLCSV-infected N. benthamiana plants was consider-
ably less than in sections from TLCV-infected plants, and
chromogenic signals in TYLCSV-infected plants were always
weaker (compare Figs. 1C4, 2A, and 3Awith Fig. 4A). Using a
strand-specific probe to detect TYLCSV DNA but not its
transcripts (CS-rep; Table 1), chromogenic signals were mainly
observed in the nuclei of infected phloem cells. Cytoplasmic
signals were also present, but these were relatively weak and
limited to a few cells (Fig. 4B). Thus, the localization pattern of
TYLCSV DNA in N. benthamiana appears to be intermediate
between TLCV and TGMV. It is possible that the low level of
TYLCSV DNA signals reflects the reduced titer of this virus in
N. benthamiana plants compared to TLCV. However, the pattern
of TYLCSV DNA accumulation suggests that cytoplasmic
localization is not unique to TLCV.
Cytoplasmic TLCV signals are essentially due to ssDNA
To determine whether cytoplasmic TLCV DNAwas ss or ds,
tissue sections were hybridized with TLCV-specific virion- and
complementary-sense probes homologous to a part of the
intergenic region (IR) (Fig. 1A) which is not transcribed to a
detectable level (Dry et al., 1993). CS-ir probe, designed to
detect both ss- and dsDNA forms (Fig. 1B and Table 1),
produced strong chromogenic signals in the cytoplasm (Fig. 5B).
The VS-ir probe, designed to target dsDNA only (Fig. 1B and
Table 1), produced strong signals only in the nuclei (Fig. 5A)
after a denaturation step (see Materials and methods). This
observation confirmed that dsDNA only contributed to signals
from the nucleus and suggested that cytoplasmic signals were
due to ssDNA.
To further test this hypothesis, the target DNA in tissue
sections was denatured by heat denaturation prior to hybridiza-
tion (see Materials and methods) with either CS-cp (Fig. 5F) orirus (TLCV) and Tomato golden mosaic virus component A (TGMVA) showing
ws show the viral ORFs. Target nucleic acids for each probe are listed in Table 1.
and tomato agroinoculated with either TLCVor TGMV that digoxigenin (DIG)-
pen-circular (OC), linear (Lin), supercoiled (SC), and single-stranded (ss) DNA
are shown. I = infected, H = healthy. (C) Transverse sections derived from N.
obes and sections used are indicated. The blue color (indicated by arrows) in C4
= xylem parenchyma, X = xylem, CC = companion cells, SE = sieve elements,
.
Fig. 2. Comparative in situ localization of TLCVand TGMV. Tissue sections of TLCV-infected N. benthamiana, tomato, and tobacco hybridized with TLCV-specific
CS-cp DIG probe are compared with TGMV-infected N. benthamiana probed with TGMV CS-cp DIG probe. Sections were viewed with differential interference
contrast (DIC) optics (D–L) or with bright-field illuminator (A). Nuclei (red arrows) were identified by staining with DAPI (B). Panel C is a merged image of (A) and
(B). Tissue type, host plant, and viral infection are indicated. All sections were transverse, except panel D which was longitudinal. P = phloem, X = xylem, SE = sieve
elements. Scale bars = 100 μm.
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compared with non-denatured sections. No difference in signal
intensity was found between sections hybridized following
denaturing (Fig. 5F) and non-denaturing treatments (Fig. 5C),
indicating that TLCV ssDNA, not dsDNA, accumulates in the
cytoplasm. Analysis of the DNA forms present in TLCV-
infected plants by two-dimensional agarose gel electrophoresishas shown that ssDNA is the predominant form of viral DNA
(Alberter et al., 2005). We also observed a higher level of
ssDNA compared to dsDNA (Fig. 1B). Nevertheless, signal
intensity was stronger in denatured sections (Fig. 5E) than non-
denatured ones (Fig. 5D) using a virion-sense probe that can
detect viral dsDNA (VS-cp: Table 1), indicating that a
proportion of nuclear signal represents dsDNA form. Faint
Fig. 3. Differentiating viral DNA from transcripts. Transverse sections of leaf vein (A–F) and stem (G–H) of N. benthamiana showing hybridization of a TLCV-
specific CS-cp probe with TLCV-infected sections (A, D) and a TGMV-specific CS-cp probe with TGMV-infected sections (B and E). The control was
complementary-sense probe for ubiquitin gene transcripts hybridized with non-infected sections (C and F). −RNase, no enzyme treatment; +RNase, treatment with
DNase-free RNase. Transverse sections of either TLCV-infected (G) or TGMV-infected (H) tissues were hybridized with CS-rep DIG-labeled probes. Red arrows
indicate the nuclei containing TGMV DNA (E and H) and TLCV ssDNA (D and G) in phloem cells, and green arrows (D, E, and G) indicate infected xylem. Scale
bars = 100 μm.
125M.S. Rasheed et al. / Virology 348 (2006) 120–132staining signals, as seen in Fig. 5D, are probably due to the
presence of cs ssDNA (see also Fig. 1B, lanes 1 and 5) known to
be associated with geminivirus infection (Saunders et al., 1991).
Together, these results indicate that TLCV ssDNA accumulates
both in the cytoplasm and the nucleus, while dsDNA is present
in the nucleus only.
ssDNA of TLCV, TYLCV, and TGMV accumulates in xylem
Xylem vessels are inert tubes which are involved in water
transport and provide mechanical support to plant tissues
(Boyce et al., 2004). It is generally assumed that plant viruses
move systemically through phloem, although some RNA
viruses, including sobemoviruses (Moreno et al., 2004;Opalka et al., 1998; Schneider and Worley, 1959), a potyvirus
(Dicenta et al., 2003), and a furovirus (Verchot et al., 2001)
have been found in xylem. As yet, no DNA virus has been
reported to localize to xylem vessels. Using probes specifi-
cally designed to detect ssDNA (Table 1; Fig. 1A), we
observed the ssDNA of three geminiviruses {TLCV (Figs.
2A, D, 3D and G; see also Fig. 7), TGMV (Figs. 2J, K, 3E,
4C and D) and TYLCSV (Figs. 4A and B)} in xylem vessels.
It is important to note that no TLCV (Figs. 5A, D, and E),
TGMV, and TYLCSV (data not shown) dsDNA was observed
in the xylem.
Viral DNA was detected more frequently in the xylem of
younger leaf veins than in stem sections (Table 2) taken
immediately beneath the younger leaf (compare Figs. 3D with G
Fig. 4. Localization of TYLCSVand TGMV in xylem. Localization of TYLCSV (A and B). Transverse sections of leaf vein from TYLCSV-infected N. benthamiana
hybridized with TYLCSV CS-cp (A) or CS-rep (B) probes. The area inside the red box is enlarged in the inset in panel B. Localization of TGMV in xylem (C and D).
Transverse sections of stem (C) and leaf vein (D) from TGMV-infected N. benthamiana hybridized with TGMV CS-rep probe. Red arrows show the viral-specific
hybridization signals in infected cells, and green arrows indicate the viral-specific signals in xylem. Arrow heads in panel D show the spots of stronger hybridization
signals indicative of xylem pits. Inset in panel D is the image of vascular cells stained with DAPI showing nuclei of immature xylem (red arrows) located next to
developed xylem. Scale bars = 100 μm.
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vessels of mature leaves (data not shown). Unlike other cell
types where TGMV ssDNA accumulates in the nucleus (Fig.
4D; red arrows), xylem vessels exhibited TGMV ssDNA
signals in the entire vessel (Fig. 4D; green arrows). This is
because a mature xylem vessel does not contain nuclear and
cellular contents (Fukuda, 1997). Small spots of high
chromogenic intensity were also evident in some xylem vessels
(green arrowheads; Fig. 4D), which probably represent the pits
of xylem (see Fig. 7e) where more viral DNA accumulates.
Hybridization signals in xylem were shown to be virus
specific by the negative results obtained with mock-inoculated
plants (Fig. 1C1) and with sections taken from virus infected
plants incubated either without probes (data not shown) or with
probes not specific to the inoculated virus (Figs. 1C2 and C3).
Xylem localization data were further supported by the lack of
hybridization signals in xylem vessels using probes designed to
exclusively detect viral dsDNA (Figs. 5A and E) or ubiquitin
(Figs. 3C and F).
Vascular restriction of TLCV is released by TGMV
The tissue tropism of a geminivirus can change in a mixed
infection with another geminivirus. For example, the phloem-
limited BGMV was shown to infect mesophyll cells in a mixedinfection with TGMV (Morra and Petty, 2000). In TLCV and
TGMV co-infected plants, TLCV was mainly associated with
vascular cells but could also infect a small number of mesophyll
cells (Fig. 6B). To detect both viruses in the same section, CS-
rep probes of TLCV and TGMV labeled with DIG and
fluorescein respectively were applied simultaneously and
detected sequentially (Jowett, 2001). TGMV (red fluorescence)
was found in the nuclei of vascular and mesophyll cells, while
TLCV (blue precipitate) was restricted mainly to vascular cells
and was present in the cytoplasm and nuclei of infected cells
(Figs. 6A and B). Examination of 12 tissue sections derived
from stems, petioles, and leaf veins of TLCV and TGMV co-
infected plants identified 3212 TGMV-infected cells but only
855 TLCV-infected cells, of which 726 (∼85%) were vascular-
associated and the remaining 128 (∼15%) were in the
mesophyll. The majority of TLCV-infected cells (95%) also
contained TGMV. However, a few of TLCV-infected cells did
not show TGMVDNA. It is not clear whether these cells did not
contain TGMA DNA or the red signals of TGMV DNA were
completely masked by the strong blue signals produced by
TLCV probe. Alternatively, the lack of TGMV DNA in those
cells could be due to the absence of nuclei in the sections. We
also noted that the number of cells in which TGMV was
detected depended on the probe used. ATGMV-specific probe,
which could detect both viral DNA and transcripts, was able to
Fig. 5. Differentiating ssDNA from dsDNA. Transverse sections of stem from TLCV-infected N. benthamiana hybridized with the probes indicated after denaturing
and non-denaturing treatments as described in the methods. Red arrows indicate the nuclei containing the complementary-sense ssDNA (D) and the replicative form of
TLCV dsDNA (A and E), red arrows (B, C, and F) indicate TLCV ssDNA in phloem cells, green arrows (B, C and F) indicate infected xylem and purple arrows (A, D,
and E) indicate xylem vessels lacking viral signals. Scale bars = 100 μm.
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TGMV-specific probe that could only hybridize to viral DNA
detected a small number of infected cells (Figs. 6A and B). As
explained earlier, this is probably the result of nuclei not being
present in the cell sections due to their relatively smaller size.
These results indicate that TGMV can partially alleviate phloem
restriction of TLCV.
Discussion
Cell-to-cell movement of geminiviruses involves replication
in nuclei, nuclear export of viral progeny, and movement ofTable 2
Localization of TLCV, TGMV, and TYLCSV in xylem vessels
TLCV TYLCSV TGMV
Leaf a H 43 (59.5%) 45 (61.5%) 56 (59%)
I 30 (40.5%) 34 (38.5%) 41 (41%)
Stem H 336 (87%) 332 (90.5%) 321 (88%)
I 51 (13%) 35 (9.5%) 44 (12%)
a Five sections each derived from leaf midrib or stem were observed and
healthy (H) or infected (I) xylem vessels were counted.virus through the cytoplasm to plasmodesmata (Gafni and
Bernard, 2002). Previously, geminiviral DNA has been detected
in the nuclei of infected cells (Morilla et al., 2004; Morra and
Petty, 2000; Qin and Petty, 2001; Qin et al., 1998; Wege et al.,
2001). Consequently, DNA movement through the cytoplasm
has been considered to be transient (Zhang et al., 2001). Here,
we report that TLCV ssDNA accumulates in the cytoplasm at
significant levels, while replicative dsDNA is present in the
nucleus. However, consistent with earlier findings, we were
unable to detect cytoplasmic viral DNA in TGMV infections.
Our results suggest that these viruses may utilize different
modes of DNA transport across cytoplasm.
Three independent experiments, RNase digestion, strand-
specific probing, and hybridization under denaturing and non-
denaturing conditions, confirmed that TLCV ssDNA accumu-
lates in the cytoplasm. Morilla et al. (2004) have recently
reported that TYLCSV DNA localized predominantly in the
nucleus. Consistent with this, we found that ssDNA of the
phloem-specific, monopartite TYLCSV accumulates mainly in
the nucleus, although we did observe some viral ssDNA in the
cytoplasm. It is possible that this discrepancy simply reflects
the different in situ hybridization methods used in these
Fig. 6. TLCV presence in mesophyll tissues co-infected with TGMV. Transverse sections from leaf lamina (A) and stem (B) taken from N. benthamiana plants co-
infected with TLCV and TGMV were hybridized simultaneously with TLCV CS-rep DIG-labeled probe (blue) and TGMV Cs-rep fluorescence-labeled probe (red)
and stained sequentially. Non-vascular cells infected by TLCV are indicated by arrows (B). Scale bars = 100 μm.
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differentiate viral DNA forms. Moreover, a proteinase K
treatment was carried out in all in situ hybridization
experiments. Such a treatment may allow detection of viral
ssDNA complexed with CP (Palanichelvam et al., 1998)
which acts as an ssDNA binding protein in the cytoplasm.
Supporting this idea is the observation that the CP of TYLCV
is detectable in the cytoplasm of infected cells using
immunolocalization, while a CP:GFP fusion protein expressed
in the absence of other viral proteins localizes to the nucleus
(Rojas et al., 2001). The cytoplasmic TLCV ssDNA may be
encapsidated or present as a nucleoprotein complex with CP or
with host ssDNA binding proteins. The significance of TLCV
ssDNA accumulation in the cytoplasm and its possible role in
viral movement is presently unknown.
It remains unclear whether ssDNA or dsDNA is involved in
viral trafficking. Studies with bipartite begomoviruses are
contradictory, supporting the involvement of ssDNA (Padidam
et al., 1999; Pascal et al., 1994), dsDNA (Rojas et al., 1998), or
both ss- and dsDNA (Hehnle et al., 2004). Based on our finding
that ssDNA of TLCV accumulates in the cytoplasm, and the
presence of ssDNA of the three viruses studied here in the
xylem vessels (discussed below), we suggest that ssDNA may
be involved in the movement of these viruses.
It has been suggested that viral, host, and environmental
factors (Ding et al., 1999; Kong et al., 2000; Morra and Petty,
2000; Wang et al., 1996) determine the tissue tropism of
geminiviruses. Our results indicate that TLCV is restricted to the
vascular and bundle sheath cells of tissues derived from leaf,
stem, and root of different host plants at different developmental
stages and inoculation period. This suggests that vascular
limitation of TLCV is mainly determined by viral factors and is
consistent with the theory that phloem-limited viruses may lack
cell-to-cell movement functions in non-vascular tissues
(Taliansky and Barker, 1999). When co-infected with the
mesophyll-invasive TGMV, we found that the vascular
limitation of TLCV was partially abrogated. The mechanism
by which TGMV can release phloem restriction of TLCV
remains unclear.In this study, we observed the presence of geminiviral
ssDNA in xylem tissue. A model depicting the route of viral
entry to xylem cells is shown in Fig. 7. Xylem arises from the
vascular cambium through transdifferentiation (Fukuda, 1997).
Immature xylem cells contain active nuclei (Mauseth, 1988).
Such immature cells are evident in inset to Fig. 4D.
Subsequently, these cells undergo programmed cell death and
lose their nuclei and cell contents, leaving hollow dead cells that
form vessels or tracheids (Fukuda, 1997). We suspect that
geminiviruses preferentially localize to vascular cambium,
comprising the most actively dividing cells in the vasculature
(Mauseth, 1988), and then spread to phloem and xylem
parenchyma by two separate processes: actively, by cell-to-
cell movement, and passively, through the differentiation of
cambium cells. Several lines of evidence support this
hypothesis. First, TLCV DNA was not observed in mature
leaves where cambium cells are not present (Mauseth, 1988).
Second, a larger proportion of xylem vessels were infected in
young leaves, where transdifferentiation from cambium cells is
highly active, than in stem tissue, where this process is largely
absent. Third, the localization of geminiviruses to xylem cells is
supported by an increasing body of evidence implicating xylem
tissue in long-distance transport of plant viruses (Dicenta et al.,
2003; Moreno et al., 2004; Opalka et al., 1998; Schneider and
Worley, 1959; Verchot et al., 2001). Opalka et al. (1998)
proposed a model to explain the systemic movement of virus
from apoplast to symplast whereby Rice yellow mottle virus
(RYMV) chelates calcium in the pit membrane of xylem to
destabilize the membrane structure for its movement to living
immature tracheids.
We have considered whether the viral DNA signal observed
in xylem tissue is due to the agroinoculation procedure, where
Agrobacterium containing viral DNA could be directly
introduced to xylem cells. However, we are not aware of
any reports indicating movement of Agrobacterium through
xylem. Furthermore, the observed localization of viral DNA
preferentially in young leaves compared to old leaves, which
are closer to the site of inoculation, indicates that this is highly
unlikely.
Fig. 7. A model derived from the in situ localization studies to explain the distribution of TLCV ss- and dsDNA in the stem vasculature of N. benthamiana. (a) A
replicative form of viral DNA (dsDNA) is present in the nucleus of phloem cells (P). Once a significant amount of ssDNA synthesized in the nucleus, then it
accumulates in the cytoplasm (b). During differentiation (c–e) of immature xylem cells (ImX) to xylem (X) through programmed cell death, which results in the loss of
cellular contents, viral ssDNA either in the form of nucleoprotein complex or virion particles accumulates in the mature xylem vessels especially around the pits of
xylem (e). Longitudinal sections of infected xylem (X–I) and healthy xylem (X–H) are shown. Lower panels show the viral forms explained in the model hybridized
with the probes specific to detect only dsDNA or both ss- and dsDNA as explained in the text.
129M.S. Rasheed et al. / Virology 348 (2006) 120–132Our finding that TLCV ssDNA accumulates in the
cytoplasm may represent a new feature of the lifecycle of
some geminiviruses. Moreover, the differential DNA accu-
mulation pattern of TLCV and TGMV is suggestive of
disparate movement mechanisms of monopartite and bipar-
tite viruses.Table 3
Infectious clones of TLCV, TGMV, and TYLCSV DNA
Plasmid designation Construct Source
pBin TLCV 2.0 mer Dry et al. (1993)
pBin TGMVA 2.0 mer von Arnim and Stanley (1992)
pBin TGMV B 2.0 mer von Arnim and Stanley (1992)
pBin TYLCSV 2.0 mer Kheyr-Pour et al. (1991)Materials and methods
Plant material and inoculation
N. benthamiana, tobacco (N. tabacum cv. Samsun), and
tomato (S. lycopersicum L. cv. Grosse Lisse) were maintained at
25–30 °C with a 16-h photoperiod under containment
conditions. Plants at the 4–5 leaf stage were inoculated with
infectious viral clones (Table 3) using Agrobacterium tumefa-
ciens (Grimsley et al., 1987). Young (3rd), developing (7th),
and mature (12th) leaves, stems, petioles, and roots were
sampled at the 3–4 weeks post-inoculation and processed for
fixation as described below. Infection was monitored by dot blot
analysis of viral DNA using 32P-labeled complementary DNA
probes (Stonor et al., 2003).
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Tissues were cut into 4 mm by 6 mm pieces and fixed in 4%
paraformaldehyde: 0.25% glutaraldehyde and were embedded
in buty-methyl methacrylate (Nadeau et al., 1996). Sections of
8 μm in thickness were obtained with a rotary microtome
(Model 2055; Leica, Germany) and placed on silane-coated
slides (ProSciTech, Thuringowa Central, Australia).
Preparation of RNA probes
DNA fragments were amplified by the polymerase chain
reaction (PCR) using specific primers (Table 4). The amplified
DNAwas ligated into pGEM-T-Easy (Promega, Madison, WI),
and orientation of each insert was checked by sequencing.
Plasmids were linearized with appropriate restriction enzymes
and transcribed with T7 DNA-dependent RNA polymerase
(Promega). Probes were labeled with either digoxigenin (DIG)-
11-dUTP or fluorescein-12-dUTP using DIG or fluorescein
RNA Labelling Mixes (Roche Diagnostics, Castle Hill,
Australia). After transcription, DNA templates were removed
by digestion with RNase-free DNase I, and the probes were
hydrolyzed to approximately 150 nt by carbonate treatment
(Guerin et al., 2000).
DNA gel blot analysis using non-radioactive probes
Total nucleic acid was extracted as described previously (Dry
et al., 1993) from TLCV and TGMV infected N. benthamiana
and tomato plants. The DNA was electrophoresed in a 1.2%
agarose gel, blotted onto Zeta-Probe membrane (BioRad,
Hercules, CA) (Dry et al., 1993), and hybridized overnight at
42 °C with strand-specific DIG-labeled TLCV- and TGMV-
specific probes (Fig. 1A; Table 3). Membranes were washed
with 2× SSC (1× SSC = 0. 15 M NaCl and 0.015 M trisodium
citrate) twice for 5 min each and then once for 30 min with 0.2×Table 4
Oligonucleotide primers
Name Sequence (5′to 3′) Description
P1 GGGAATTCTGGGATCCTTTAGTCCACa TLCV V1-F
P2 GGTTCTCGAGTCAGGGCTTCTGAACAGCa TLCV V1-R
P3 GGGAATTCAGCAAGCGACCAGCAGATa TLCV V2-F
P4 GGGGATCCTTAATTCTGAATCGAa TLCV V2-R
P5 TTGAATTCATGAGAATGGGGAGCCTCa TLCV C4-F
P6 GTGGATCCATTCCCTAAGGACGTTAa TLCV C4-R
P7 TCGGAGCTCGTGTCTGGGGTCTTATa TLCV IR-F





P13 CCACTGCAGATGCCGAAGCGAACC TYLCSV V1-F
P14 CCGTTAATTTGTTACAGCATCATAAAAATAA TYLCSV V1-R
P15 CCGCTGCAGATGAAAATGGGGAACCa TYLCSV C4-F
P16 CCGTTACATCAAGAGCCTGCGACTTA TYLCSV C4-R
P17 GGGATGCAGATCTTCGTGAAAACCC Ubiquitin-F
P18 TCAATCGCCTCCAGCCTTGTTGTAA Ubiquitin-R
F: Forward Primer; R: Reverse Primer.
a Specific restriction sites are shown in bold type.SSC containing 0.3% Triton-X100. The membranes were
blocked in 1× blocking solution (Roche Diagnostics) for 30
min, soaked in TST buffer (100 mM Tris–HCl pH 7.5, 150 mM
NaCl, 0.3% Tween 20) containing 1% bovine albumin serum
(BSA) for 30 min, incubated in 1% BSATST buffer containing
anti-DIG alkaline phosphatase (AP; 1:5000) for 30 min, washed
twice in TST buffer for 10 min each, and then equilibrated in
detection buffer (0.1 M Tris–HCl pH 9.5, 0.1 M NaCl, 0.05 M
MgCl2) for 5 min. AP activity was detected by incubating in
detection buffer containing 4.5 μl ml−1 nitroblue tetrazolium
(NBT; Roche Diagnostics) and 3.5 μl ml−1 5-bromo-4-chloro-
3-indolyl-phosphate (BCIP; Roche Diagnostics) for 30–60 min
until a dark-bluish color developed. The reaction was stopped
with TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 7.5).
In situ hybridization
Pre-hybridization, hybridization, and post-hybridization
were done as previously described (Guerin et al., 2000). The
DIG- or fluorescein-labeled probes were detected by anti-DIG
or anti-fluorescein fab alkaline phosphatase conjugates (Roche
Diagnostics) and subsequently stained by NBT/BCIP or Fast
Red substrates (Roche Diagnostics). Dual color in situ
hybridization was done by applying the probes simultaneously
and detecting them sequentially (Jowett, 2001). For RNase
treatment, the in situ hybridization protocol was modified as
follows: the slides were incubated in 1× TE buffer (10 mM
Tris–HCl pH 8.0, 1 mM EDTA) containing 20 μg ml−1 DNase-
free RNase-A for 50 min at 37 °C, followed by two washes in
TE buffer. Proteinase treatment was done using 100 mM Tris–
HCl (pH 8.0), 50 mM EDTA containing 1 mg.ml−1 proteinase
K. To inactivate RNase A, slides were placed in PBS buffer
(0.13 M NaCl, 0.007 M Na2HPO4, 0.003M Na2HPO4, pH 7.0)
containing 0.1% diethyl pyrocarbonate (DEPC) for 20 min. To
hydrolyze DEPC, the slides were washed with PBS and then
incubated in 1× NTE (500mM NaCl, 10 mM Tris–HCl pH 8.0,
1 mM EDTA) two times for 15 min each prior to hybridization.
To differentiate ssDNA from dsDNA, in situ hybridizations
were done under both denaturing and non-denaturing condi-
tions. To denature target DNA in tissue sections, slides covered
with formamide hybridization buffer containing probe mixture
were placed on a hot plate at 80 °C for 4 min prior to
hybridization at 42 °C. Non-denaturing hybridization was
performed at 42 °C without prior heat treatment of the slides.
Sections were photographed with a SPOT digital camera
mounted on a Zeiss Axioplan microscope (Germany) using
differential interference contrast (DIC) optics and SPOT
software. The contrast and brightness of images were
subsequently adjusted and processed using Adobe Photoshop
software (Adobe Systems Inc., San Jose, CA).
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